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High field ~up to 5 T! magnetization measurements were performed on both bulk and field-aligned
powder samples of RNi2B2C ~R5Dy, Ho! magnetic superconductors. For Tc53.8 K, a DyNi2B2C
superconductor with antiferromagnetic Ne´el temperature TN of 10–11 K, and anomalous
field-induced weak-ferromagnetic transitions were observed above the superconducting upper
critical field Hc2~2 K! of 1.75 kG. The aligned powders show distinct hysteresis characteristics for
both fields applied parallel and perpendicular to the tetragonal basal plane. For Tc57.8 K,
HoNi2B2C has an incommensurate magnetic ordering temperature Tm of 6 K and TN of 5.2 K.
Anomalous field-induced weak-ferromagnetic transitions were also observed below TN . No
hysteresis can be detected for TN,T,Tm . © 1996 American Institute of Physics.
@S0021-8979~96!02108-4#The coexistence of antiferromagnetic ordering and su-
perconductivity, with Ne´el temperature (TN) higher than su-
perconducting transition temperature (Tc), was first observed
in the metastable ternary boride HoIr4B4 and the related
pseudoternary boride systems R~Rh12xIrx!4B4 ~R5Ho, Dy!
with composition factor x.0.6.1–3 For example, in the par-
tial Rh-substituted Ho~Rh0.3Ir0.7!4B4 compound, Tc ~1.6 K!
was below TN ~2.7 K!.2
Recently, a new magnetic superconducting system was
reported in the quaternary borocarbide RNi2B2C compounds
~R5Sc, Y, Th, U, or a rare earth!.4–11 Among nonmagnetic
compounds, LuNi2B2C exhibits the highest Tc of 16.6 K,5
followed by 15–16 K for YNi2B2C and metastable
ScNi2B2C,4,5,7 8 K for ThNi2B2C, and no superconducting
transition was found down to 2 K for LaNi2B2C.9–11 For
compounds containing magnetic rare earth elements such as
R5Dy, Ho, Er, and Tm, lower Tc values were observed due
to the magnetic pair breaking effect.5–8 A nearly reentrant
superconductivity was observed for HoNi2B2C with Tc58
K, which is higher than the TN of 5.2 K associated with
commensurate magnetic structure and Tm of 6 K due to a
transition to an incommensurate state.5,8,12–16
For a magnetic DyNi2B2C compound, Tc of 3.8 K with
onset around 5.2 K was observed below TN around 10–11 K,
which provides another interesting example of the coexist-
ence of superconductivity and antiferromagnetism.8,17 The
low-temperature electrical resistivity shows no reentrant be-
havior down to 0.3 K and indicates a perfect coexistence
between superconductivity and antiferromagnetism below
Tc .17 The observed TN around 10–11 K from magnetic mea-
surements is associated with the long-range Dy31 magnetic
ordering through the RKKY indirect exchange interaction.
The magnetic transition can be clearly corroborated by low-
temperature specific heat data C(T) where a very distinct
transition peak was observed around 10 K.17 The magnetic
entropy Sm of 10.3 J/mol K is close to 90% of R ln 4 and
indicates the antiferromagnetic ordering of Dy31 with a pos-
sible quadruplet ground state in the tetragonal crystal field.
Magnetic hysteresis M (H) data at temperature below Tc
for DyNi2B2C provide the precise information on the tem-
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ded¬07¬Oct¬2010¬to¬140.114.136.38.¬Redistribution¬subject¬to¬AIPHc2(T) and lower critical field Hc1(T). The DyNi2B2C
samples were prepared using high-purity elements under an
argon atmosphere in a Zr-gettered arc furnace. As shown in
Fig. 1, the upper critical field Hc2(T) of 1.75 kG at 2 K and
750 G at 3 K were determined from the merging point of the
hysteresis curve. Similarly, Hc2 of 1.25 kG at 2.5 K, 450 G at
3.3 K, and 100 G at 3.7 K were obtained. Lower critical field
Hc1(T) is defined as the deviation from linearity in the initial
magnetization in each M (H) curve. The values thus obtained
are 100 G at 2 K and 30 G at 3 K. Similarly, Hc1 of 50 G at
2.5 K and 10 G at 3.3 K were obtained. From the tempera-
ture dependence of critical fields, the extrapolated Hc2(0) of
3 kG and the extrapolated Hc1(0) of 200 G are derived.
From Hc1(0) and Hc2(0), the Ginzburg–Landau parameter
k53.7 is evaluated.17 As a comparison, the k value of 3.5
was reported for HoNi2B2C.16 The relative low Hc2 in all
quaternary borocarbides implies a long coherence length j,
and three-dimensional superconductivity.
Since each M (H) curve at 2 or 3 K has a slightly non-
linear background due to the field dependence of antiferro-
magnetic order with TN~Dy! of 10–11 K, high field M (H)
isotherm data up to 5 T were measured for bulk sample at 2
K to understand the normal state magnetism and possible
field-induced magnetic transitions. As shown in Fig. 2, above
FIG. 1. Intermediate field ~up to 62 kG! magnetic hysteresis curves M (H)
at 2 and 3 K for DyNi2B2C bulk sample. Upper critical field Hc2 and lower
critical field Hc1 are indicated by arrows.58633/3/$10.00 © 1996 American Institute of Physics
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DownloHc2~2 K! of 1.75 kG where the sample is no longer super-
conducting, two distinct weak-ferromagnetic-like hysteresis
curves were observed indicating two possible field-induced
magnetic transitions at 5 kG and at 1.2 T, respectively. The
hysteresis characteristics persist up to a maximum applied
field of 5 T where a saturated magnetic moment of 8.3 mB
per Dy is achieved, very close to the calculated free ion Dy31
gJJ510 mB magnetic moment.
The anisotropy of these magnetic transitions with field
applied parallel and perpendicular to the tetragonal basal
plane is studied by using aligned DyNi2B2C powder at 2 K
as shown in Fig. 3. Farrell’s method was employed for the
powder alignment. Powders were first obtained by grinding
the bulk sample into fine microcrystalline grains with aver-
age size 1–10 mm, then mixed with SPAR-5-min epoxy/
hardener in a 8 mm quartz holder, with a typical powder-
epoxy ratio of 1:7, and then aligned in a 9.4 T magnetic field
at room temperature. Because of the intrinsic normal-state
magnetic anisotropy, the degree of easy tetragonal basal
plane alignment is close to 90%. Slightly higher TN around
13 K was observed from magnetic measurement for aligned
powder. Below TN , for field H perpendicular to the easy
basal plane, initial magnetization curve increases slowly to
magnetic moment 0.5 emu at 1.7 T, then increases sharply to
2.7 emu at 1.8 T, and then saturates to 3.0 emu at 5 T. Broad
FIG. 2. High field ~up to 5 T! magnetic hysteresis curve M (H) at 2 K,TN
for a DyNi2B2C bulk sample.
FIG. 3. Anistropic high field ~up to 5 T! magnetic hysteresis curve M (H) at
2 K for DyNi2B2C aligned powder, with field parallel and perpendicular to
the tetragonal basal plane.5864 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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magnetic transitions at 5 kG and 1.2 T as observed in bulk
samples. For field parallel to the basal plane, initial magne-
tization increases sharply above 8 kG with fairly broad low
field and very narrow high field hysteresis features. The same
magnetic transition fields were observed. The preliminary
M (H) data at other temperatures below TN~Dy! indicate that
there are weak temperature dependencies associated with
these transitions.
For a nearly reentrant HoNi2B2C superconductor with a
Tc of 8 K, a TN of 5.2 K, a Tm of 6 K, and a complex Hc2(T)
upper critical field curve,16 a coexistence between supercon-
ductivity and antiferromagnetism will prevail only below 5.2
K. Magnetism above Hc2(T) will create a very complex
phase diagram. As shown in Fig. 4, the magnetization mea-
surement M (H) of bulk sample at 2 K with field higher than
Hc2~2 K! of 3 kG shows similar field-induced magnetic tran-
sitions around 4 and 8.5 kG, respectively.16 A saturated mag-
netic moment of 7.8 mB per Ho is achieved at 3 T field and
is very close to the calculated free ion Ho31 gJJ510 mB
magnetic moment. At higher temperature of 4.6 K which is
close to TN and with a low Hc2~4.6 K! of 500 G, these
field-induced transitions decrease to around 3 and 6 kG, re-
spectively. For T5TN55.2 K with a minimum, nearly reen-
trant Hc2~5.2 K! of 400 G,16 field-induced transitions de-
crease further to around 1 and 3 kG, respectively. Above TN
FIG. 4. High field ~up to 3 T! magnetic hysteresis curve M (H) at 2
K,TN~5.2 K! for a bulk HoNi2B2C sample.
FIG. 5. High field ~up to 3 T! magnetic hysteresis curve M (H) at 5.7
K,Tm~6 K! for a bulk HoNi2B2C sample.Ku et al.
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Downloaat 5.7 K but is still lower than Tm56 K as shown in Fig. 5,
no hysteresis or a very small effect can be detected above
Hc2~5.7 K! of 1 kG due to the intrinsic, complex incommen-
surate magnetic structure.
In conclusion, field-induced weak-ferromagnetic transi-
tions were observed only at a temperature below the antifer-
romagnetic ordering temperature TN for both DyNi2B2C and
HoNi2B2C magnetic superconductors. No hysteresis can be
detected for HoNi2B2C at temperature below the higher in-
commensurate ordering temperature Tm .
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